INTRODUCTION
============

Umbilical cord blood (UCB) is a useful alternative source of stem cells for patients without matched-related or matched-unrelated donors. However, the limited number of stem cells in UCB, and delayed engraftment, are major problems in UCB transplantation.[@B1],[@B2] To improve UCB engraftment, co-transplantation of mononuclear cells (MNCs) and mesenchymal stem cells (MSCs) has been attempted. MSCs are capable of supporting the expansion and differentiation of hematopoietic stem cells (HSCs) *in vitro* and enhancing hematopoietic engraftment *in vivo*, although the mechanisms are not fully understood.[@B3]

Other methods of improving engraftment include manipulation of homing and adhesion molecules, and modulation of the stem cell niche. The hematopoietic stem cell niche is a specialized microenvironment that contains stem cells, supports their maintenance, and regulates their function in bone marrow.[@B4] Within bone marrow, HSCs that reside at, or near the endosteum as well as endosteal cells, secrete factors that promote HSC maintenance. Osteoblasts have been found to be important components of the niche. These produce factors that appear to regulate the maintenance and number of HSCs in bone marrow, including positive regulators such as angiopoietin,[@B5] thrombopoietin and CXCL12,[@B6],[@B7] and negative regulators such as osteopontin.[@B8],[@B9] Bone also has a high concentration of calcium ions at the endosteal surface,[@B10] and calcium-sensing receptors have been identified on the surfaces of HSCs. The ability of stem cells to sense and respond to the increased calcium concentration at the endosteal surface contributes to the unique stem cell-niche interaction that promotes bone marrow hematopoiesis.[@B11]

Osteoblasts produce hematopoietic growth factors and are activated by parathyroid hormone (PTH) or locally-produced parathyroid hormone-related protein (PTHrP) via the PTH/PTHrP receptor.[@B12],[@B13] PTH is recognized as one of the two major hormones modulating calcium and phosphate homeostasis. It is responsible for maintaining serum ionized calcium concentrations within a narrow range by stimulating renal tubular calcium reabsorption and bone resorption.[@B14] Human parathyroid hormone (hPTH) 1-34 is an approved drug that has recently been used in large trials to treat osteoporosis, and was approved by the Food and Drug Administration for treatment of osteoporosis in postmenopausal women.[@B15],[@B16] Jung, et al.[@B17] suggested that PTH increases stromal derived factor-1 expression in the bone marrow, which potentially contributes to homing, and Petrova, et al.[@B18] demonstrated that PTH increases the expression of adhesion molecules for HSCs and might be used to promote the expansion of early HSCs *ex vivo*.

The purpose of the present investigation was to evaluate the effect of hPTH on the engraftment and/or *in vivo* expansion of HSCs in a UCB-xenotransplantation model. In addition, the role of hPTH in enhancing the expression of cell adhesion molecules was assessed.

MATERIALS AND METHODS
=====================

The experimental protocol was reviewed and approved by the Institutional Review Board and the Institutional Animal Care and Use Committee of Hanyang University.

Animals
-------

Six-week-old female NOD/SCID mice were purchased from the Korea Research Institute of Bioscience and Biotechnology (Daejeon, Korea) and were maintained in sterile microisolator cages in a laminar airflow room in the Hanyang University Animal Laboratory. Mice were stabilized for 4 weeks and cared for according to the protocol described above.

Cells
-----

All cells were provided by the Medipost Biomedical Research Institute (Seoul, Korea). UCB was collected from umbilical veins after neonatal delivery, with informed consent from pregnant mothers. MNCs were isolated from fresh UCB within 12 hours after collection. To isolate MNCs, UCB was fractionated using a Ficoll-Hypaque solution (d=1.077 g/cm^3^, Sigma-Aldrich, St. Louis, MO, USA) and MNCs were resuspended in PBS/EDTA and cultivated as previously reported.[@B19],[@B20] Briefly, the MNCs were maintained in α-minimum essential medium (α-MEM, Gibco BRL, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco BRL, Carlsbad, CA, USA), and seeded in culture flasks at 5×10^5^ cells/cm^2^. Colonies of spindle-shaped cells were formed. At 50% confluence, the cells were harvested with 0.25% (w/v) trypsin-EDTA (Gibco BRL, Carlsbad, CA, USA) and reseeded for expansion. After the fourth passage, the cells were stored in liquid nitrogen at 1×10^6^ cells/mL. The cells expressed CD105 (99.6%) and CD73 (96.3%), but not CD34 (0.1%), CD45 (0.2%) and CD14 (0.1%). They were positive for HLA-AB but generally not for HLA-DR. The human UCB-derived MSCs differentiated into various cell types such as osteoblasts, chondrocytes, and adipocytes upon *in vitro* induction with the appropriate osteogenic, chondrogenic, and adipogenic differentiation stimuli.

Transplantation
---------------

At ten weeks of age, all mice were weighed and received sublethal total body irradiation with a single dose of 250 cGy from a cesium source. Eighteen to 24 hours after irradiation, 1×10^7^ human UCB-derived MNCs and 5×10^6^ human UCB-derived MSCs were infused via the tail vein. The final volume infused was 200 µL. The mice were randomly divided into three groups: Group 1 (n=3) received MNCs only, Group 2 (n=3) received MNCs only and were then treated with hPTH, and Group 3 (n=3) received MNCs and MSCs, and were then treated with hPTH. 40 µg/kg/day of recombinant hPTH (Bachem, Torrance, CA, USA) was injected 20 times over the first 4 weeks after transplantation. The experimental schema is shown in [Fig. 1](#F1){ref-type="fig"}.

Evaluation
----------

### CBC

Four and six weeks after transplantation, mice were anesthetized with diethyl ether (Sigma, Steinheim, Germany) and blood samples were collected via capillary tubes from their retroorbital venous plexus. An aliquot of the blood was used for complete blood cell counts. Seven weeks after transplantation, the mice were euthanized with xylazine hydrochloride (Rompun; Bayer HealthCare, Leverkusen, Germany) and zolazepam (Zoletil; Virbac SA, Carros, France). Blood samples were collected from the right ventricle after open thoracotomy. Complete blood count (CBC) was performed with an ABC Vet (Horiba ABX, Montpellier, France).

### Flow cytometry for analysis of cell surface antigens

Both the femorae and tibiae were removed after eauthanasia. The proximal and distal ends of the femorae were cut and the marrow was aspirated into conical tubes with 2.0 mL of buffer (2% FBS, 2 mM EDTA, gentamicin). After centrifugation and red blood cell (RBC) lysis (BD Pharmingen, San Diago, CA, USA), the suspended cells were stained with anti-human CD13-PE, CD34-PE, CD45-FITC, CD33-PE, CD3-PE, CXCR4-PE, CD61-FITC, CD19-FITC (Becton-Dickinson, San Jose, CA, USA), CD41a-PE, CD49d-PE, and CD49e-PE (BD Pharmingen, San Diego, CA, USA) antibodies for 15 minutes at room temperature. The cells were washed with PBS and fixed with 1% paraformaldehyde (Sigma, Steinheim, Germany). They were analyzed with a FACSCaliber (BD, Los Angeles, CA, USA) and percentages of cell surface antigen expression were calculated among 5×10^5^ events of the gated cells.

### Bone marrow cellularity

Excised tibiae were immersed in 10% paraformaldehyde for hematoxylin and eosin staining at 4℃, and then decalcified with 4% EDTA for 4 days at 4℃. Specimens were dehydrated with increasing concentrations of ethanol and embedded in paraffin. Paraffin-embedded tibiae were sliced into 5 µm sections and stained with hematoxylin and eosin to evaluate bone marrow cellularity.

Statistical analysis
--------------------

Data are presented as means±standard errors of the mean. Statistical significance was determined using Mann-Whitney U tests or Kruskal-Wallis tests with SigmaPlot and SigmaStat software (SPSS, Richmond, CA, USA). *p*\<0.05 was considered statistically significant.

RESULTS
=======

Peripheral blood cell counts
----------------------------

CBC was within the normal range in the fourth week after transplantation in all three groups. At 4-, 6-, and 7- weeks after transplantation, there were no differences in WBC, RBC or platelet counts between the three groups ([Fig. 2](#F2){ref-type="fig"}).

Bone marrow cellularity and the characteristics of nucleated cells in the bone marrow
-------------------------------------------------------------------------------------

Bone marrow cellularity was approximately 20% in Group 1, but 70-80% in Groups 2 and 3. MSC co-transplantation had no effect on cellularity ([Fig. 3](#F3){ref-type="fig"}).

Numbers of total nucleated cells (TNCs) in the bone marrow aspirates were 6.07±1.29×10^6^ in Group 1, 10.53±2.25×10^6^ in Group 2, and 8.33±3.25×10^6^ in Group 3. There was a tendency toward higher TNCs in Groups 2 and 3 than in Group 1, but the differences were not statistically significant. The flow cytometric analysis confirmed engraftment of human UCB cells in all the mice. The representative flow cytometric images of 3 groups are shown in [Fig. 4](#F4){ref-type="fig"}. The percentages of human CD34, CD33, CD13, CD19, and CD3 in the bone marrow aspirates are shown in [Table 1](#T1){ref-type="table"}. The proportions of myeloid lineage cells represented by human CD13 and human CD33 cells, and lymphoid lineage cells represented by human CD19 cells, were markedly higher in Group 3 ([Fig. 5](#F5){ref-type="fig"}), but the proportions of human CD34 cells did not differ significantly between the three groups. In the analysis of human cell adhesion molecules on the nucleated cells in the bone marrow aspirates, the proportion of CXCR4 cells in Group 3 was larger than in Groups 1 and 2. However, the difference did not reach statistical significance ([Fig. 6](#F6){ref-type="fig"}).

DISCUSSION
==========

UCB has proved to be an alternative HSC source for patients without matched donors. Since the initial transplantation, more than 20000 UCB transplants have been performed worldwide.[@B21],[@B22] However, compared with bone marrow transplantation recipients and mobilized peripheral blood stem cell transplantation recipients, patients receiving UCB have prolonged recovery periods, which are reported to result from delayed neutrophil and platelet recovery.[@B23] In addition, a graft failure rate of 10-15% has been reported. Possible causes include a low number of infused HSCs and the absence of a subpopulation that facilitates HSC engraftment.[@B24] To overcome the low cell count in UCB and slow engraftment, several practical approaches have been attempted; for example, *ex vivo* expansion of UCB HSCs, transplantation of multiple units of UCB, co-transplantation of MSCs and other procedures.[@B25]-[@B27] Ramírez, et al.[@B28] have also shown that stem cell factor, interleukin (IL)-3, IL-6, and granulocyte macrophage colony-stimulating factor (GM-CSF) can induce an upregulation of several adhesion molecules involved in the mobilization and homing of HSCs.

Bone marrow is composed with blood cells, non-blood cells and endosteum. Most hematopoietic progenitor cells are lined endosteum, whereas differentiated blood cells migrate to the medullar marrow cavity. Osteoblasts which are cells of the mesenchymal lineages contiguous to the bone surface execute the production of new bone and the control of osteoclast differentiation.[@B29] Recently, Calvi, et al.[@B13] demonstrated that overexpression of the hPTH/PTH-related peptide receptor under the control of the osteoblast specific α1(I) collagen promoter resulted in an increase of Sca-1- and c-kit-positive HSCs in bone marrow. An ability of hPTH to enhance transplant engraftment and repopulate bone marrow has also been reported.[@B13] Only 27% of mice that were lethally irradiated and then injected with bone marrow cells from normal donor animals survived to 28 days. However, when the irradiated animals were injected daily with hPTH, all survived, with a larger number of transplanted marrow cells in their hind limbs. We also observed, in a previous study, that hPTH activates the insulin-like growth factor (IGF) system (IGF-2, IGF-BP 1, 2, 3), as well as hematopoietic growth factors (G-CSF, GM-CSF) from osteoblasts but not from MSCs (data not shown). In the present study, the proportion of human CD13 and human CD33 myeloid progenitor cells was much higher in Group 3, although the proportion of human CD34 did not differ significantly in the three groups. We also observed that the proportion of CXCR4 in Group 3 was larger than in Groups 1 and 2, though without statistical significance. These findings suggest that hPTH has the potential to enhance hematopoiesis as a result of activation of osteoblasts by co-transplanted MSCs.

Given the low number of HSCs in administered UCB, the outcome of HSC transplantation could be improved by co-transplantation of MSCs in addition to HSCs. MSCs have been shown to be able to express exogenous proteins for an extended period of time, and to maintain a higher stem cell proliferative capacity after transplantation *in vitro*.[@B30] Briquet, et al.[@B31] demonstrated that early passage MSCs supported the expansion of hematopoietic progenitor cells and their differentiation towards both B lymphoid and myeloid lineages.

In our study, an enhancing effect of hPTH on hematopoiesis was observed in a UCB xenotransplantation model with or without co-transplantation of MSCs. Although we could not demonstrate an effect of human PTH on differentiated osteoblasts from UCB-derived MSCs in an *in vivo* model, UCB transplantation together with co-transplantation of MSCs followed by administration of hPTH could be an option for enhancing hematopoietic activities and overcoming the current limitations of UCB transplantation. hPTH may enhance stem cell proliferation after treatment of chronic bone marrow aplasia by UCB transplantation and may also have a synergistic effect when MSCs are co-transplanted. Clinical trials with hPTH should be considered for patients with aplastic anemia as well as recipients of UCB.
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![Schema of the xenotransplantation experiment. TBI, total body irradiation; CB, cord blood; MNC, mononuclear cell; MSC, mesenchymal stem cell; hPTH, human parathyroid hormone; CBT, cord blood transplantation; CBC, complete blood count; RV, right ventricle; BM, bone marrow; IP, intraperitoneal; NOD/SCID.](ymj-54-238-g001){#F1}

![Mean complete blood cell counts of mice at the fourth, sixth, and seventh week after transplantation. There are no statistically significant differences between the 3 groups. RBC, red blood cell; WBC, white blood cell.](ymj-54-238-g002){#F2}

![Sections of the bone marrow of tibiae taken from mice of Groups 1, 2 and 3 in the eighth week after transplantation (H&E, ×200). The bone marrow cellularity was decreased to approximately 20% in group 1 (A). Bone marrow cellularity is approximately 70 to 80% in Groups 2 (B) and 3 (C). Bone marrow cellularity and trabecular bone formation are greater in Groups 2 and 3 than Group 1.](ymj-54-238-g003){#F3}

![The representative flow cytometric images of 3 groups. (A) Group 1, (B) Group 2, (C) Group 3. MNC, mononuclear cell; MSC, mesenchymal stem cell; hPTH, human parathyroid hormone.](ymj-54-238-g004){#F4}

![Flow cytometric analysis of engrafted human marrow mononuclear cells in bone marrow aspirates. (A) The percentage of myeloid lineage cells was larger in Group 3 than in Groups 1 and 2. (B) The percentage of lymphoid lineage cells was also higher in Group 3, but the difference was not statistically significant.](ymj-54-238-g005){#F5}

![Flow cytometric analysis of human cell adhesion molecules in bone marrow mononuclear cells. There were no statistically significant differences between the three groups.](ymj-54-238-g006){#F6}
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Flow Cytometric Analysis of Engrafted Human Marrow Mononuclear Cells from Bone Marrow Aspirates
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MNC, mononuclear cell; hPTH, human parathyroid hormone; MSC, mesenchymal stem cell.
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